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Abstract — The construction of computational models fromgesaof

experimental or clinical vascular models should ulesn more 1. METHODOLOGY
reliable flow simulations, but it is accompanieddrgat challenges.
Curvature, branching, and the lack of planarityarmodel are some
of the factors that complicate both the imaginggaaure and the
image data processing performed in order to extthet geometry
and re-construct the models. This study descrihesmethodology

A. Model and Experimental Setup

developed to image and construct a computationalehof an non- The experimental model of the aortic arch (Fig-_la)sw
planar aortic arch glass model to be used for satiohs of blood Made of glass (Technical Glass Products Inc., Beuiife
flow. OH) and it was constructed based on the typicatdiure

dimensions with certain simplifications. The inrBameter
Keywords — Computational fluid dynamics, magnetic resonanc#as constant throughout the length of the modelendl to
imaging, aortic arch 25.4 mm. The model was non-planar at the arch $uah
there was a 20-degree angle between the ascendidg a
descending straight parts. The arch had a radigsivture
equal to 19.04 mm. No branches were includedeatdp of
I. INTRODUCTION the arch to focus on the non-planarity only. Thedei was
mounted inside a polycarbonate box which was filkth
Recent studies investigating the role of blood fiowthe water.
development and progression of atherosclerosis reparted
imaging protocols and image processing methods for
constructing computational models of arterial gevies.
Many of these studies have focused on the cardtidchtion
[1-6], whereas others focused on the abdominal aaort
bifurcation [7-9] have focused on the bifurcatiofi the
abdominal aortic artery into the iliac arteries. fetv studies
have focused on the ascending [10] and descending a
[11].
Most of the previous studies constructed the coatpmrtal
models from a series of transverse magnetic resenan (a) (b)
imaging (MRI) or computed tomography (CT) sliceShe _ ) ]
geometric information obtained from these slicesswa Figure 1 - Schematic of the aortic arch model ugeat to
extracted through the use of a snake algorithm or a scale): (a) top view; (b) side view
thresholding segmentation algorithm. The imagirgthuds
used work well when the geometry to be construaeda
model is either planar or very close to planar. weleer,
these methods have problems when the geometry to
modeled is non-planar in orientation, as in theecaf the
aortic arch. The difficulty in this case occursridg the
construction of the portion of the geometry thatroects the
ascending and descending vessels of the aortic aifidie
focus of this paper is to present a method that asgeries of
oblique transverse and oblique sagittal MRI slices
construct a computational model of a simplifiedt@&oarch
experimental glass model.

The model was connected to a flow loop. A ¥2 hp pump
éotec, Delavan, WI) was used to provide steadywfl

throughout the flow loop. The flow rate was cotigo

through the use of a valve set distal to the pumthé flow

loop and was set and monitored using a rotametakdia

Instruments, Orangeburg, NY) placed in-line aftez valve

in the loop. A flow rate of 3.0 L/min (Reynolds hber =

2930) was used during the acquisition of the imaggsired

to construct the computational model of the model.



B. MRI Procedure

The aortic arch phantom was scanned in a 1.5 TéBhA

scanner (Sonata, Siemens Medical Solutions, Ertange Number of Slices 35

Germany) under steady flow conditions.  Severading
protocols were tested, including true-FISP, andliti@al

gradient-echo, in order to determine the protobat would
best visualize the model. It was determined thgtaalient
echo (bright blood) imaging protocol produced theaest
images. To obtain the necessary geometric datahf®
ascending and descending portion of the modelriessef 20
contiguous, 5 mm thick, slices were placed perpmidi to
the long axis of the ascending portion of the moddie arch
was imaged with a series of oblique transversejabli
sagittal slices. This oblique slices were placeditst setting
a transverse slice perpendicular to the long afisthe

ascending part of the model (base of the arch) thed

rotating it. The axis of rotation was an antetimposterior
line passing through the center of the originahdxerse slice
in the left-to-right direction. By sequentially tating the
slice around this rotation axis in a clockwise diien, 35
images, separated by 5 degrees, were acquiredandice
thickness of 3 mm encompassing a total rotation1®®

degrees to cover the entire arch and obtain thessecy
geometric information. The MRI settings for botbtss of
images are shown in Tables 1 and 2. Fig.2 illtssrahe
position of the slices required to obtain the gemime
information.

Table 1:
MRI parameters for the transverse images
Number of Slices 20
Distance between Slices 0 mm
Slice Orientation Transverse
Field of View 256x256 mm
Slice Thickness 5mm
TR 26 ms
TE 8.1 ms
Matrix Size 256x256
# of Signal Averages 4
Voxel Size Imm x Imm x 5mm

It should be noted that the angle of the slicesiation to the
original transverse slice determined whether thagenwas
considered oblique transverse or oblique sagitfahe angle

Table 2:
MRI parameters of the oblique images
Distance between Sliceg 0 mm
Slice Orientation Obligue Transverse o
Oblique Sagital
Field of View 256x256 mm
Slice Thickness 3 mm
TR 26 ms
TE 8.1 ms
Matrix Size 256x256
# of Signal Averages 4
Voxel Size Imm x Imm x 3mm

Figure 2 — Positioning of the imaging slices foe tlaortic
arch model

C. Image Processing

The images with the geometric information were
processed using the freeware DICOM viewing software
ImageJ (National Institute of Health, Bethesda, Miljng
with the plug-in Spline Snake (Matthews Jacob, Ersity of
lllinois at Urbana Champaign). The Spline Snakeggh
extracted the X and Y coordinates of a curve cpoeding
to the edge of the lumen of the model by using aken
algorithm [12]. In this algorithm, the energy ftion of an
initial closed curve set by the user was minimized the
curve deformed and moved like a snake, until treation
and shape of the curve corresponded to the locatidrshape
of the boundary curve (the interface between luraed
wall). The Spline Snake plug-in generated a lisk@and Y
coordinates of this final curve. The origin of tbeordinate

of the slice was 45 degrees, ot 135 degrees, then the slicesystem was located at the top left hand cornehefimage

was oblique transverse in orientation. If the argfithe slice
was > 45 degrees but < 135 degrees, then the wle
oblique sagittal in orientation. If the angle bétslice was 90
degrees to the original slice, then the slice wagit®l in

orientation.

and all coordinates were determined using this tpainthe
reference. In order to position these coordinatéke three-
dimensional space, the user had to modify the doarel
system by adding the Z coordinate and accountimgtte
angle and location of each individual slice.



D. Model Construction

The X, Y, and Z coordinates generated for each setgd
curve were imported into the three-dimensional ninde
software package Rhinoceros (Robert McNeel & Assesi
Seattle, WA) as point clouds. The use of pointudk
allowed all of the points associated with a patticeurve to
be imported at the same time, while maintainingirthe
relationship to one another. A non-uniform ratioBespline
(NURBS) was then fit to the imported coordinatemggshe
individual coordinates as control points for the RR5. A
NURBS was fit to each set of coordinates corresjantb
each boundary segmented using the Spline Snakeimplug
Once all of the curves were imported (Fig.3), &lfhe curves
were smoothed using a smoothing algorithm provitgd
Rhinoceros. The smoothing step was required tmventhe
roughness of the curves caused by partial volufeetsfand
pixelation of a rounded image. After smoothingNdRBS
surface was constructed from the curves by loftirgurface
over the curves (Fig.4). The use of the obligaegverse and
oblique sagittal images allowed the surface of #mire
phantom to be created in a single step, becauseutwes
provided the software with a logical lofting pathluild the
surface; this would not be the case when only trense
images were used (Fig.5 and Fig.6).

Figure 5 - Imported transverse curves

Figure 6 - Lofted NURBS surface using only transeer
curves

When only transverse curves were used, a totahrefet
surfaces were created by using three separat@dostieps.
The reason for this is that, as the software reathe top of
either the ascending or descending portions of rioelel,
there was no logical direction in which to proceedhe
Figure 3 - Imported curves lofting tool essential had to loft a surface in tdicections (a
task not possible using this software). The preasaild be
completed only by plotting additional points to stract the
bottom of the arch and constructing a surface mdha join
the three lofted surfaces and close the top ofatbb. This
problem was eliminated by using the oblique curves.

[ll. RESULTS AND DISCUSSION

Measurements of the diameter of the straight sestiaf
the phantom were obtained through the use of adefeng
gauge and a micrometer. The results were comparedet
corresponding diameter of the computational modkickv
was determined by calculating the cross-sectiored af the
) corresponding section using a feature in Rhinocefids
Figure 4 - Lofted NURBS surface apparent diameter of the cross-section was theculeaéd.




The diameter of the computational model agreed i

measured diameter in all

ultimate use for the models created with this méthas to
conduct flow simulations using commercial compotadil
fluid dynamics (CFD) software packages and to camplae
CFD velocity findings with experimental MRI velogit
measurements. After completion of the flow simala$, it
was found that the MRI-measured local velocitieBeded
from the CFD-predicted velocities by less than 2/scion
average

[V. CONCLUSION

This paper described the procedure to reconstruct a

computational model of an experimental glass pharabthe

aortic arch.

The reconstruction was successful nwhe

combination of transverse and oblique images wasl uis
order to help the modelling software in the loftimgpcedure.
The resulting computational model was geometricalhd
fluid mechanically in agreement with the glass ntode
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